In China, consumers sometimes get special eggs, which are characterized by the pasty, firm, and elastic texture of yolk from hard-boiled eggs and are usually called "rubber eggs" by Chinese customers. Consumers do not like the texture of rubber eggs and often associate the odd texture of the yolk to food safety risks. The objective of this study was to assess the physical and chemical characteristics of these eggs. A total of 200 46-week-old Hy-Line Brown laying hens were divided into 2 groups and were fed for 2 weeks. One group was fed on a cornsoybean meal based diet (BD) and served as control whereas the second group's diet contained 6% cottonseed meal (CSM), which was in replacement of the SBW. The yolks of hard-cooked eggs of the CSM group had harder and more elastic yolks than those of the control group (P < 0.05). Also, the levels of stearic and myristic acids in the yolk of the CSM group also were increased (P < 0.01), while the myristoleic, pentadecanoic, arachidic, cis-11-eicosenoic and cis-11, 14-eicosadienoic acids and crude protein, fat, phospholipids, chloride, calcium, and iron were decreased (P < 0.05). In conclusion, hens fed a diet that was incorporated with 6% cottonseed meal laid eggs that had unique physical and chemical characteristics and lower nutritional values. These results might help to guide limited incorporation of CSM in laying hen diet, and provide some evidences on the mechanism of the observed physical and chemical changes.
DESCRIPTION OF PROBLEM
Cottonseed meal (CSM) is widely used as an alternative to the soybean meal protein source for laying hens, satisfying their energy and protein requirements [1] . In recent years, adequate protein sources for laying hen diets have become scarcer and CSM has been used as a substitute for soybean meal. Its application is limited due to nutritional shortcomings and to high concentra- 1 Corresponding author: zhangniya@mail.hzau.edu.cn tions of free gossypol (FG) and cyclopropenoid fatty acids (CPFA) [2] . Laying hens seem to be more sensitive to FG and CPFA than broilers [1] , resulting in a decrease of egg production [3] , and disorders such as egg yolk mottling [4, 5] , pink albumen discoloration from stored eggs [2, 6] , and formation of elastic yolks in hard cooked eggs, which are characterized by the pasty, firm, and elastic texture of yolk from hardboiled eggs, usually called "rubber eggs" by Chinese customers. This constitutes a problem in China, where hard-boiled eggs are widely used.
Consumers do not like the texture of rubber eggs and often associate the odd texture of the yolk to food safety risks.
To date, there is a paucity of information about the chemical composition, conditions, or mechanism of formation of these lower quality eggs. There is less about the food safety aspects of rubber eggs and their formation mechanism. Therefore, the objective of the present study was to assess the effect of dietary supplementation of CSM on the physical characteristic and chemical composition of egg yolk.
MATERIALS AND METHODS

Animals, Treatments, and Sample Collection
The Institutional Animal Care and Use Committee of Huazhong Agricultural University, China, approved the protocol for animal experimentation in this study. A total of 200 46-weekold Hy-Line Brown commercial laying hens were randomly divided into 2 identical groups with 20 replicates of 5 birds each. The birds were located in stainless steel cages (70 cm × 70 cm × 40 cm, width × length × height) at a temperature between 18
• C and 25
• C under 16 h/d light cycle (10 to 20 Lx). Diets were formulated to meet the nutritional requirements of laying hens (NRC, 1994, Table 1 ). All birds were allowed free access to feed and allowed to drink distilled water ad libitum. One of the study groups served as control and received a standard corn-soybean basal diet (BD Group). The second group was fed the same diet added with 6% cottonseed meal (CSM Group) in replacement of soybean meal. The experimental period was 2 weeks.
Eggs were collected daily and stored at 4
• C in refrigerator. On the d 14 of the experiment, 40 eggs from each group were randomly sampled for determination. Of these, 10 eggs were cooked by immersing in boiling water for 7 minutes. After cooling, the yolks were separated from the white part for evaluation of hardness and elasticity. The remaining eggs were stored at 4
• C in black plastic bags. From the remaining eggs, 10 were randomly chosen from each group for measurement of yolk fatty acids and amino acids; 10 eggs were used for determination of pH, crude protein, crude fat, and phospholipids; and another 10 eggs were analyzed for minerals (including chloride, calcium, potassium, copper, iron, zinc, and manganese) and free gossypol residue in the tissues. Individual egg was used as experimental units.
Measurement of Yolk Hardness and Elasticity
The hardness of each yolk was determined by means of a Hardness Tester (GWJ-2, Zhejiang Top Instrument Co., Ltd. China). Hardness was expressed in kg m s −2 (N). The elasticity was expressed as the height (cm) of yolk bounced on a glass plate when dropped from a height of 42.5 cm. The boiled egg was held at a height of 42.5 cm and the yolk fell freely to a glass plate or the bottom of a beaker. The highest point that the boiled egg bounced to was recorded. 
Determination of Fatty Acids of Yolk Lipids
Total yolk lipids were determined by the method of Folch et al. [7] . The fatty acid composition of the lipids was determined as previously described [8] using a Shimadzu 2010 plus gas chromatograph equipped with a capillary column (SPTM-2560,100 m × 0.25 mm ID, 0.20 μm film, Supelco, Bellafonte, PA). The oven was programmed at an initial temperature of 140
• C for 5 min rising to 240
• C at a rate of 4
• C/minute. The injector and the flame ionization detector were kept at 260
• C. Nitrogen was used as the carrier gas at a flow rate of 2 cm/s with an injection split ratio of 100:1 (v/v). Peak identification and quantification (as weight percent) were made by comparison to retention times and peak areas of standard FAME (Supelco 37-component FAME Mix, SupelcoTM, Bellafonte, PA). The individual fatty acids were identified by comparison of their retention times to those of known reference mixtures (GLC 3C, 4C, 7C, 8C, 12C, and 20A; Nu Chek Prep, Inc., Elysian, MN). The results were expressed as % of total lipids.
Measurement of Chemical Composition of Eggs
The pH of the egg yolk or albumen was measured after 1:9 dilution of the sample with distilled water. Crude protein content was determined by the Kjeldahl method [9] . Total nitrogen was converted to protein content by multiplying the N value by 6.25. The crude fat content of lipids was determined by extraction with diethyl ether following a Chinese national standard technique (GB/T 14772-2008). The amount of phospholipids was determined spectrophotometrically [10] . Chloride was determined by means of an ion selective electrode [11] . The contents of calcium, sodium, potassium, copper, iron, zinc, and manganese were determined by standard atomic absorption spectrometry methods [12] . The contents of amino acids were determined by HPLC [13] . The concentrations of free gossypol also were determined by HPLC (GB/T 5009.148-2003).
Statistical Analysis
One-way ANOVA followed by Duncan's multiple range test procedure (SAS 8.2) was used to test the effects of CSM on the egg yolk. The data are presented as means ± SD. The significance level was set at P < 0.05.
RESULTS AND DISCUSSION
Physical Characteristics of "rubber egg"
The hard-cooked eggs from the CSM-treated group had a pale, glossy yolk with a rubber ball aspect that when compressed was elastic and remained intact ( Figure 1 ). As shown in Table 2 , the respective yolk hardness and elasticity were 18.8 N and 6.4 cm higher (P < 0.05) than those of controls. These abnormal characteristics have been designated as rubber eggs, as reported by Qi [14] in eggs from hens fed a diet incorporated with 16% cottonseed cake.
Chemical Characteristics of Rubber Egg
The fatty acid composition of yolk lipids is shown in Table 3 . Compared to the controls, the yolks from the CSM group had increased content of saturated fatty acids, including stearic and myristic acids by 132.9 and 36.6%, respectively (P < 0.01), along with significantly decreased content of unsaturated fatty acids (P < 0.05) including: myristoleic (25.0%), cis-11-eicosenoic (27.3%), and cis-11,14-eicosadienoic acids (45.3%) and of saturated fatty acids: pentadecanoic (14.3%), arachidic (70.0%).
Evans et al. [15] observed that hens given a diet rich in cyclopropene fatty acids from either cottonseed oil or Sterculia foetida seeds had a higher concentration of stearic acid and lower concentration of oleic acid in the fatty acids of the liver, blood plasma, and ovaries. Reid et al. [16] reported that a cottonseed-rich diet resulted in increased stearic acid level in yolk. Yang et al. [17] reported that cattle fed on a ration containing rumen-protected cottonseed oil for 70 to 80 d had significantly lower desaturase activity along with increased 18:0 saturated fatty acids and decreased 16:1 and 18:1 unsaturated fatty acids in adipose tissue. Although the content of oleic acid showed no significant difference between the CSM and BD groups, the ratio of stearic:oleic acids of the CSM group was significantly lower than that of the BD group (P < 0.01). Since the melting point of saturated fatty acids is higher than that of unsaturated ones, the increased percentage of stearic acid resulted in the harder and more elastic texture of the hardcooked yolk [18, 19] . As shown in Table 4 , the pH of egg yolk from the CSM group was 8.4 pH units, which is significantly higher than that of the control group (P < 0.05). This result is in agreement with the findings of Shenstone and Vickery [20] , who observed that dietary incorporation of CPFA significantly increased yolk pH from 6.4 to 7.6. When the pH of the egg yolk was about 6.3, phosvitin, low-and high-density lipoproteins turned into insoluble granules. These granules ruptured when the pH of the egg yolk was <4.2 or >6.3 and the released protein contributed to gel formation [21] . Thus, the yolk gel hardness is directly related to increasing pH [22] , suggesting that a more alkaline pH might partly contribute to the hardness of the yolk.
Also seen in Table 4 , the crude protein content of yolk from the CSM-fed group was 10.7% lower (P < 0.05) than that of the controls. Evans et al. [23] found that CPFA induced a migration of livetin from yolk to albumen, while there was a considerable migration of proteins from albumen to yolk. In addition, CPFA also caused a major transfer of non-protein nitrogen compounds, primarily amino acids, from yolk to albumen [19] . Surprisingly, the results of yolk crude protein content were inconsistent with that of amino acids (Table 5 ). In general -except that glycine, methionine, and phenylalanine in yolk of the CSM group were higher (P < 0.05) -the amino acids content in yolk and albumen were not significantly different between the 2 groups in this study. Evans et al. [24] also found no significant differences in amino acid levels of low-density lipoproteins from normal eggs and eggs produced by hens fed on cottonseed oil.
Woodward and Cotterill [22] observed that yolk gel hardness normally increased with protein, which is not consistent with our results, suggesting that further studies are still needed to clarify the relationship between the increased hardness and elasticity of the hard-cooked yolk and decreased crude protein. The yolk crude fat and phospholipids from the CSM group were significantly lower by 12.0 and 38.2%, respectively, compared to the BD group (P < 0.05). A decreased content of yolk phospholipids might be related to the increased elasticity of the abnormal rubber egg. Zhu [25] observed that duck eggs treated in alkaline pH resulted in a significant decrease in phospholipids of the yolk, which was more elastic than untreated fresh duck egg yolk (P < 0.05). Based on these observations, it is possible that a decrease of phospholipids and increase of yolk pH might be partly relevant to the increased springiness of rubbery yolk. However few reports were found about the relationship between yolk crude fat and the yolk texture.
As shown in Table 6 , CSM supplementation led to a significant decrease of chloride, calcium, and iron in yolk (P < 0.05). The albumen minerals in abnormal eggs also were changed: Chloride was significantly lower in the CSM group, while calcium was significantly higher than that of the controls (P < 0.05). Shenstone and Vickery [20] found that ingestion of cyclopropenoids caused the iron concentration in the albumen to rise as high as 7 μg/g as compared to only 0.2 μg/g in the control group's albumen. Free gossypol was undetectable (below 2.5 mg/kg) in both BD and CSM groups. Yuan et al. [26] reported that incorporation of 6% CSM (FG concentration was 74.4 mg/kg) in 40-weekold Hy-Line Brown hens diet for 9 wk resulted in 0.2 mg/kg FG residue in yolk, significantly higher than that from 6% expanded CSM group (P < 0.05). Since the detection limit of the FG determination method we employed was above 2.5 mg/kg, an alternative method with higher accuracy is needed to determine the levels of FG in yolk and albumen.
Role of Cyclopropenoid Fatty Acids and Free Gossypol in Occurrence of Abnormal Eggs
The results of this study show that the increase of stearic acid and decrease of oleic Table 5 . Effects of CSM on egg yolk and albumen contents of amino acids of laying hens. Table 6 . Effects of CSM on egg yolk and albumen contents of mineral elements laying hens. acid in yolk, along with a decrease of pH and phospholipids might be primarily responsible for the unusual physical characteristics of rubber eggs. The CPFA from CSM in the diet might be related to the changes of fatty acids and pH of egg yolk. Dietary supplementation of CPFA inhibited stearoyl-CoA desaturase of the liver and other tissues, leading to accumulation of stearic acid and a loss of oleic acid in the lipids of erthrocytes, tissues, and egg yolk [15, [27] [28] [29] [30] .
The increased pH of elastic yolk also could be associated with CPFA. Cyclopropenoid acids possess strong surface-active properties [19] that increase the permeability of the vitelline membrane and yolk pH [2, 31] . Similarly, the decrease in crude protein might be partly due to dietary CPFA, since it also could increase the permeability of the vitelline membrane, which in turn would increase the transition of protein and nonprotein nitrogen from yolk to albumen [19, 23] . In addition, CPFA might inhibit the synthesis of some proteins. Perdew et al. [32] reported that the synthesis of proteins was significantly decreased in rainbow trout hepatocytes incubated with CPFAs. Elevated iron in albumen might also be a result of CPFA-increased vitelline membrane permeability [27] , which would facilitate iron transfer from yolk to albumen [2] . Nixon et al. [33] concluded that most of the detrimental effects of CPFA might be associated with alteration of lipid metabolism and membrane function. We were unable to obtain the adequate analytical reference standards for CPFAs such as malvalic or sterculic acid, so the actual content of CPFA in feed and its residue in eggs could not be determined and continues to be a work in progress to try to establish a definite relationship between CPFA and abnormal rubber eggs.
Free gossypol in CSM might also be related to changes in the chemical composition of egg yolk, especially those impacting the nutritional value of eggs. Gossypol is a highly reactive compound, and FG absorbed from the digestive tract reacts with minerals including iron, calcium, sodium, and potassium, as well as amino acids and proteins [2, 34, 35] inhibiting the absorption of these ions or amino acids. It also has inhibitory effects on some digestive enzymes, and reduces palatability [34] and feed intake [36] . So the alteration of crude protein, calcium, iron of abnormal yolk, and its lower nutritional value might be attributed to FG in CSM. Future studies should focus on the FG-chemical composition changes in eggs and its mechanism.
CONCLUSIONS AND APPLICATIONS
We successfully reproduced the so-called "rubber egg" phenomenon by feeding laying hens with a diet containing 6% cottonseed meal. The hard-cooked yolks of these eggs were characterized by their particular hardness, elasticity, and a different chemical composition, including increases of stearic, myristic, and myristoleic acids, and decreases in pentadecanoic, arachidic, cis-11-eicosenoic and cis-11,14-eicosadienoic acids of yolk lipids, along with a significant decrease of crude protein, crude fat, phospholipids, chloride, calcium, and iron. The odd texture of hard-cooked rubber egg yolk was mainly correlated with the increase of stearic acids and decrease of oleic acids, along with a decrease of pH and phospholipids of yolk, which was possibly attributed to dietary CPFA in CSM. To some extent, the decreased nutritional value of abnormal eggs could be ascribed to FG and CPFA. The present study might give insight into the food safety of rubber eggs and serve as basis for exploration of their formation mechanism.
SUPPLEMENTARY DATA
Supplemental FIGURE 1: The boiled egg was held at a height of 42.5 cm (A). The yolk fell freely to a glass plate or the bottom of a beaker. The highest point that the boiled egg bounced to was recorded by eye (B).
